Introduction
In the primary and secondary metallurgy of steelmaking, temperature of the metal bath is typically in the range of 1 500-1 800°C, but local temperatures can be much higher. In basic oxygen furnace, for example, the temperature of the gas jet impact area may exceed 2 000°C. [1] [2] [3] Comparable circumstances are found also in other industrial applications: the temperature in the modern combustion furnaces varies from 1 088-1 173 K (815-900°C) in fluidized boilers, 1 923 K (1 650°C) in pulverized coal boilers and up to 2 200-2 603 K (1 927-2 330°C) in premixed gaseous burners. 4) In many of the aforementioned applications, the local kinetic reaction rate and the rate expression at the reaction interface is unknown and virtually impossible to measure. The resistance of the interfacial reaction decreases as the temperature increases. The temperature dependency of the reaction rate coefficient k can be described with the Arrhenius equation, Eq. (1), or the Eyring equation, Eq. (2). 
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KEY WORDS: mass transfer limited parallel reactions; law of mass action; rate phenomena; residual affinity. As seen from Eqs. (1) and (2), the reaction rate coefficient becomes large at high temperatures, and thus the mass transfer or the mixing becomes the rate limiting step. It is thus reasonable to assume that the reaction front can reach the chemical equilibrium composition that is subject to mass transfer constraints. However, there are examples of reactions having slow kinetic rates at high temperatures. In particular, the presence of surface active elements can hinder the interfacial reaction to the extent that the interfacial reaction rate becomes the rate limiting step. A well-known example is the de-nitrification reaction of liquid steel. 9) The boundary condition for the rate expression of a single mass transfer limited reaction can be determined directly with the equilibrium constant method. One of the first qualitative descriptions of the boundary layer theory was proposed by Nernst 10) in 1904. In the case of parallel reactions, however, the description of mass transfer in the boundary layer needs to be coupled with a description of the competitive thermodynamic equilibrium at the interface. 7, 11) The equilibrium constant method is not applicable as such, particularly if the rate limiting step is not known a priori or it varies during the process.
The mass transfer resistances of the considered phases depend on the observed geometry. Typical geometries in the primary and secondary steelmaking processes include gas jet in contact with surface of a steel bath ( Fig. 1(a) ), a liquid metal droplet entrained in gas flow ( Fig. 1(b) ) as well as slag droplet in liquid metal or liquid metal droplet in slag ( Fig. 1(c) ). Small dots on the reaction surface present existing small slag particles. The mass transfer rates of the reagents and reaction products are interrelated through the reaction stoichiometry.
In this work, a novel approach based on the Law of Mass Action was studied and developed further in order to provide a thermodynamically consistent treatment of parallel mass transfer controlled reactions in the context of steelmaking. The method can be used in metallurgical and chemical processes involving mass transfer controlled reactions. The method discussed in this paper has already been employed by the authors in different cases for defining the mass transfer limited rates of reactions. The studied applications in the AOD process include mathematical modelling of reactions in a single gas bubble in liquid steel, during side-blowing decarburization and during the reduction of slag. The method has also been applied for mathematical modelling of chemical heating in the CAS-OB process. The objective of this paper is to re-derive, discuss and further develop the law of mass action based method for multiple parallel reversible reactions. A generalized approach for implementation into practice is also provided and discussed.
Law of Mass Action Based Approach
The Law of Mass Action (LMA), proposed by Waage and Guldberg 13, 14) in 1864, is a mathematical expression of solutions in dynamic equilibrium. More specifically, it relates the thermodynamic equilibrium to the reaction kinetics and implies that forward and backward reaction rates must be equal at equilibrium. The reaction rate of an arbitrary reaction can be expressed by: where k f is the forward reaction rate coefficient, k b is the backward reaction rate coefficient x is the molar fraction, r denotes reactants and p denotes reaction products. In order to be generally applicable, it is necessary to replace the concentrations with activities, which describe effective concentration:
The source terms for all other species that participate in the reaction are calculated simply by multiplying the rate of the key component by their stoichiometric coefficients. In this work, the oxidation of Fe, i.e. the solvent, is neglegted. FeO is often an intermediate product and acts effectively as oxygen storage. It is reasonable to expect that in an actual process, the supplied oxygen first oxidizes iron to form iron oxide, which is then reduced by species with higher oxygen affinity. In a transient case, the composition at the reaction surface approaches asymptotically the constrained chemical equilibrium. The form of the chemical rate expression is irrelevant as long as the equilibrium composition and the mass transfer control can be achieved. Therefore, it is convenient to employ the modified law of mass action, which satisfies the equilibrium condition as a limit, to formulate the reaction rate expressions.
15) The law of mass action based approach has been shown to hold for elementary reactions of radical gas species containing only a single reaction step and to yield the correct equilibrium composition. 15, 16) The surface mole balance for the elements i = 1...n diffusing from the bulk liquid steel and reacting at the surface can be written as follows: (9) where x denotes the mole fraction and γ i is the Raoultian activity coefficient of species i. The rate expression is written here using the law of mass action for Eq. (9) . For the sake of simplicity it is assumed that the transport rate or the amount of oxide species is not rate-controlling; the activities of the oxides were treated as constants. Here, a value of 0.5 was employed. The mass balance for the oxygen diffusing from the gas phase to reaction surface and distributing between all the species can be defined as follows: Fig. 1(a) . Gas jet in contact with surface of a steel bath. Fig. 1(b) . Steel droplet entrained in gas flow. Fig. 1(c) . Gas bubble immersed in liquid steel.
By using the mass balances shown in Eqs. (9) and (10), the activities of dissolved elements and oxygen can be solved from Eqs. (11) and (12) As seen from Eqs. (11) and (12), the system consists of n + 1 variables and n + 1 equations, and hence numerical solution is possible. The main hypothesis of the law of mass action based approach is that as the rate of the surface reaction is infinitely fast and the reaction front is able to reach equilibrium. Mathematically, this means that if k f → ∞, the following limits are obtained for the activities of species i and O 2 : It should be noted that Eq. (13) yields the equilibrium activities for the parallel reactions, while Eq. (14) defines the equilibrium activity oxygen, which has to be same for all reactions. The final surface composition can only be obtained after solving the system of non-linear equations defined by Eqs. (9) and (10), which include the mass transfer rates. It is important to understand that the composition solved at the reaction interface is not the full chemical equilibrium that can be determined with traditional methods, such as the equilibrium constant method or Gibbs energy minimization, but rather a constrained chemical equilibrium: the equilibrium permitted by the mass transfer rates onto and from the reaction interface. In essence, the LMA method studied in this paper is a rate expression for mass transfer limited dynamic equilibrium.
Based on the analytical expressions for the activities of oxygen and oxidizing species at the reaction front it can be deduced that their values approach the equilibrium values when the forward rate coefficient k f → ∞. This means that the results obtained from the law of mass action method approach the solution obtained with the traditional equilibrium constant method. In comparison to the equilibrium constant method, the main advantage the LMA method is that its starting point is the kinetic rate expression and the control volume approach. As discussed broadly by Rao, 12) the equilibrium constant method is numerically very stiff and the use of the standard Newton's method might be numerically unstable.
Numerical Implementation
The implementation of the law of mass action based approach requires a finite value for the forward rate coefficient k f . Therefore, it is necessary to develop a robust way to define the values of k f such that the requirements for accuracy and numerical stability are fulfilled. An analytical expression is not available due to non-linearity, and numerical methods need to be used. It should be noted that the employed approach functions correctly also in the case that the forward rate coefficient is known a priori. Therefore, the approach is applicable also for reactions, which are not limited by mass transfer.
As an illustrative numerical example, a simple case of liquid stainless steel surface exposed to O 2 -CO gas is studied; a schematic illustration is shown in Fig. 1(a) . In the simplified setting, the injected oxygen may oxidize carbon, chromium and silicon according to Eqs. (15), (16) and (17), respectively. As pointed out by Wei and Zhu, 17) FeO is essentially an intermediate product and hence the oxidation of iron was not accounted for. The values of the changes in standard Gibbs free energy were taken from Rao. 12) More specifically, the reference states of Si, Cr and C were taken as pure liquid, pure liquid and graphite, respectively. The reference states of SiO 2 and Cr 2 O 3 were taken as β-cristobalite and pure solid, respectively. Ideal gas law was employed for the gaseous species. .. (17) The corresponding equilibrium constants were defined according to
For the sake of simplicity, it was assumed that all species behave ideally i.e. γ i = 1 for all species i. Morever, the Raoultian activities of SiO 2 and Cr 2 O 3 were assumed to be 0.5. In the case of transient applications also the bulk phase compositions need to be accounted for. However, the calculations presented in this paper are related to a single moment in time only, and hence the composition of the species in the bulk phases including the slag was assumed to be constant. Employing the stationary medium approach, the conservation equations can be written as follows:
... (22) In addition, the system was set subject to the following constraints: a x In addition to these it is necessary to find sufficiently large values for rate coefficients k f,k that satisfy the equilibrium requirement. At the equilibrium, the affinity i.e. the driving force of each reaction should be equal to zero, resulting in definitions of equilibrium constants. As discussed earlier, an accurate equilibrium can be solved only if the forward rate coefficient approaches infinity. This is not computationally possible. Instead of having zero affinities at the reaction front, a concept of residual affinity is introduced and employed to move the reaction front thermodynamically to a small distance away from the equilibrium, making the solution numerically possible. In addition, the same value of residual affinity was employed for all reactions which means that the thermodynamic driving forces of all reactions are balanced at the reaction front. The absolute value of the residual affinity is very small in comparison to the standard Gibbs free energy of reaction; for the studied reactions the absolute values of ΔG° are in the order of 10 5 -10 6 J/mol at 1 873 K. The residual affinity of a reaction can be expressed as follows:
The residual affinities of reactions 0, 1 and 2 need to be re-written for implementation as residuals: With the exception of the residual affinities added to the change standard Gibbs free energy of reaction, Eqs. (26), (27) and (28) correspond to the traditional equilibrium constant method. The resulting relative error in the equilibrium constant can be calculated by comparing the restricted equilibrium coefficient K k * to the true equilibrium coefficient, K k :
Assuming a temperature of T = 1 873 K (1 600°C), and assigning A with values of 100, 1, 0.01 and 0.0001 J/(mol•K) yields an relative error of 6.4 × 10, -3 6.4 × 10, -5 6.4 × 10 -7 and 6.4 × 10, -9 respectively. Thus it can be concluded that the error in the equilibrium constant is negligible. The above 7 × 7 non-linear system can be solved effectively with numerical methods, for example the Newton's method. Mathematically, this can be expressed in matrix form as follows:
where J is the Jacobian matrix, Δy is the column vector of activities and rate coefficients and f is the column vector of residuals. The Jacobian matrix consists of the first-order differentiates of the residuals with respect to free variables (see Table 1 ). The vectors Δy and f are defined as follows: . This required typically only 5-20 iterations. The value of A was set equal to 0.001 J/mol and thus the driving residual force was equal for all the studied reactions.
An additional and important aspect of the new method is the possibility to study reversible reactions. As discussed above, the interfacial composition is shifted a small distance away from the equilibrium; this distance is measured using the residual affinity A. The value of A is always set to be negative which means that in principle, the direction of the reaction is always from left to right for a positive value of k f . Then, in the case of a reversed reaction, it would be necessary to change the sign of the residual affinity. But in practice, for this approach we would need to monitor the condition by a conditional if-statement, which would cause Table 1 . Elements of the Jacobian matrix, , an undesirable discontinuity. Instead, we used the following simple approach to treat reversed reactions.
As an example, the oxidation reaction of Cr is studied in the following. As discussed earlier, the forward rate coefficient in the law of mass action rate expression should approach to ∞ in order to achieve equilibrium condition and fulfill the definition of equilibrium coefficient. To avoid the need to use infinite k values we defined a slightly falsified equilibrium, namely Eq. (27) , having the residual affinity (Gibbs free energy) of finite value on the negative side, if the reaction proceeds from left to right. We now solve the "falsified" Cr 2 O 3 activity from Eq. (27) and substitute it to the rate of law of mass for Cr oxidation, resulting in Eq. (34) that then defines the rate of oxidation. Following the definition of the residual affinity, Eq. (25), the value of this rate is always positive with positive values of A and k f,1 . It should also be noted that the value in the parenthesis is equal to the relative error in the equilibrium constant, see Eq. (29) . Physically, the numerical values of k must to be always positive. But as a trick, being numerically a free variable, we could let k have negative values too in the case of reversed reaction. Assuming the same values for activities, but an opposite sign of A, results in a reversed reaction. More specifically, the driving force is moved to the other side of the equilibrium. 
Results and Discussion
By using the new LMA approach, we calculated the momentary mass transfer controlled rate of reactions between O 2 , Si, C and Cr and composition at the steel surface. The studied cases consider a single moment of time and hence bulk phase composition was assumed to be constant.
Effect of Mass Transfer Coefficients
The effect of the ratio of gas and liquid side mass transfer on the rate limiting mechanism was studied at carbon mole fractions of 0.04 and 0.01. These correspond to the process conditions during the early stage of carbon removal in the AOD process. The model parameters were taken to be as β L = 5 × 10 − 4 m/s, T = 1 873 K (1 600°C), x Cr = 0.17, x Si = 0.002 and A = 0.001 J/mol. The employed liquid phase mass transfer coefficient corresponds roughly to the highest experimental value presented by Chatterjee et al., 48) who measured apparent liquid phase mass transfer coefficients during top-blowing of oxygen on liquid silver. Figures 2  and 3 (41)- (43) . These are not dependent on the mass transfer coefficients. This example illustrates the flexibility of the proposed method as well as its sensitivity to boundary conditions.
The simplified model was derived in such a way that it solves automatically the mass transfer controlled rates, the surface composition, and also the values for rate coefficients required to reach a pre-defined residual affinity A. The hypothesis was that if the values of rate coefficients are increased, the rates become mass transfer limited and the surface will reach equilibrium. Consequently, the next task is to determine the values of rate coefficients k f so that they satisfy the requirement set for the residual affinity when the gas side mass transfer coefficient is changed. Figures 4 and 5 show these rate coefficients obtained as a solution of the system of equations.
Three different regimes can be observed: a) the rate is controlled by the mass transfer of oxygen, b) the rate is controlled by the mass transfer of the liquid phase and c) Cr 2 O 3 is reduced and the rate is control by the mass transfer of the liquid phase. As seen in Figs. 2 and 3 when the Fig. 3 . O2 selectivity and rate controlling mechanisms, xC= 0.01. gas side mass transfer is very effective typically β G > 1.3 m/s, there is an excess of O 2 available at the surface. All species on the liquid side are then driven by the maximum diffusion rates towards the surface and selectivity of O 2 is defined by the molar composition of the bulk liquid and the stoichiometry. When the gas side mass transfer coefficient decreases below this critical value, the amount of O 2 at the surface decreases and the mass transfer of O 2 becomes the rate-determining step. In that case, the selectivity of O 2 is defined by the combination of the equilibrium and the liquid side mass transfer rates and a different reaction mechanism is obtained. As the gas mass transfer coefficient decreases the selectivity of the carbon and the silicon increases. If the mass transfer rate of O 2 is close to or smaller than the mass transfer rates of C and Si, Cr is no longer oxidized. As the oxygen partial pressure decreases to low values, Cr 2 O 3 starts to reduce and oxidizes Si and C. Because the transport of oxides was not assumed to be limiting, the thermodynamic equilibrium defines the selectivity; this can be seen as the constant selectivity levels at the left side of the Figs. 2 and 3 . Employing the same boundary conditions, the approach presented by Wei and Zhu 17) yields entirely different results, as seen in Figs. 2 and 3 , selectivity values given in the text boxes. The calculated selectivity in the Wei and Zhu 17) method is not dependent on the mass transfer rate and only weakly on the composition too. It should be noted that rate coefficients are not the same for all reactions for reaching the same affinity level, as shown in Figs. 4 and 5. The sharp drop in the curve of the Cr oxidation reaction results from the onset of the reduction and changing the direction of the reaction reverse when delivery rate of O 2 is limited. In the analytical expressions (13) and (14), only the value k f → ∞ resulted in the equilibrium for all reactions. It is important to understand that large, but finite values of k f are required.
Effect of Residual Affinity
The effect of residual affinity A on the reaction rates, was also studied. The following parameters were employed in the calculations:β L = 5 × 10 − 4 m/s, 1 873 K (1 600°C), x C = 0.02, x Cr = 0.17 and x Si = 0.002. Figures 6 and 7 show the calculated rate coefficients required to reach predefined affinities for parallel oxidation reactions of Si, Cr and C. The studied range of residual affinities is 10 − 5 ≤ A ≤ 10 4 J/mol. It should be noted that the upper range of values is considerably in excess of the general requirement suggested for Gibbs free energy minimization methods, which is typically 10 -3 J/mol. 12) Figures 8 and 9 present the effect of the residual affinity on the actual reaction rates. More specifically, it is illustrated which value of the residual affinity required to obtain a sufficiently high accuracy in terms of the reaction rates.
As can be seen, the required residual affinity i.e. the accuracy requirement has a considerable effect on the required rate coefficient values. The closer the solution is to the equilibrium, the larger are the rate coefficient values. The reverse, of course, is also true. Numerically, the higher the value of k f is the more difficult it is to obtain convergence and numerical solution. Therefore, in order to have to have highest possible computational efficiency, the maximum values of the affinity that give correct results should be used.
The results shown in Figs. 6-9 leave room for some interesting observations. In the case of the highest gas side mass transfer rate, Fig. 8 , the value of residual affinity has no effect on the reaction rates within the studied residual affinity range of 10 -5 …10 4 J/mol. The overall rate is limited entirely by the liquid side mass transfer and consequently, the concentrations of oxidizing species are very low and there is plenty of O 2 available on the surface. As noted earlier, the rate mechanism is not controlled by the equilibrium and the liquid side mass transfer defines the reaction rates. The component having the highest mole fraction or the highest rate of mass transfer gets most of the oxygen. When the gas side mass transfer begins to limit the rate, see Fig. 9 , this means that the maximum O 2 delivery rate approaches to the mass transfer rate of minor species, here C and Si. These simple examples given above show that in order to have a proper solution for the case of parallel gas-liquid oxidation reactions, it is necessary to consider both mass transfer and restricted chemical equilibrium. Because the mass transfer conditions may vary during different process stages in steelmaking, it is more preferable to use a more general model that incorporates all the relevant mass transfer and reaction mechanisms instead of predefining the rate-determining step, as suggested also by Oeters.
18)

Applications and Comparison to Existing Approaches
The main advantage of the employed approach is that the local reaction rates and the equilibrium composition are solved simultaneously. Moreover, it provides a convenient approach to define the source term of chemical reactions in relation to volumetric unit. This is advantageous for mathematical and computational fluid dynamics (CFD) based models, which employ the control volume method to solve the conservation equations for momentum, mass and energy. In comparison to traditional Gibbs energy solvers, an additional benefit is that the source terms of species can be differentiated with respect to the mass transfer rates and the composition of the fluid flow, increasing the efficiency of the Newton's method.
The method discussed also in this paper has already been employed in different cases for defining the mass transfer limited rates of reactions based on the law of mass action.
The studied applications in the AOD process include mathematical modelling of reactions in a single gas bubble in liquid steel, 19) during side-blowing decarburization 20, 21) and during the reduction of slag. 22, 23) The method has also been applied for mathematical modelling of chemical heating in the CAS-OB process. 24) The traditional equilibrium coefficient method would be to insert these activities as the boundary condition at the reaction surface and then solve the non-linear system of equations. In practice, this becomes very challenging as there is no rate expression in the system that could be differentiated and used as a method to stabilize the convergence of the solution. For CFD applications, the equilibrium coefficient method is not acceptable as the system on the surface should be somehow interlinked to flow field composition solution and the rates should be properly differentiated. We will discuss below, how to implement the LMA method to a practical problem and how to avoid infinite values for rate coefficients that would result in numerical overflow.
The most common approach to consider mass transfer controlled chemical reactions in metallurgical applications, and especially in the steel converters, is to simply derive the mass transfer limited local rate for some selected geometry, see Figs. 1(a)-1(c), and then use the equilibrium composition, solved from equilibrium constant, at the reaction front as a boundary condition. A typical example could be the oxidation of carbon particles, by the reaction 2C + O 2 ⇌ 2CO.
4) The local mass transfer controlled oxidation rate of carbon particles ′′ R C (in mol/(m 2
•s)) can be obtained simply as follows.
where x is the mole fraction. Overall rate can be obtained just by multiplying Eq. (37) by the specific surface area S a [m 2 /m 3 ] of carbon particles within the control volume. This is very useful approach for single reactions or simple reaction systems and can be easily implemented into process simulators or even to CFD. 25, 26) However, if the system involves multiple and parallel reactions and the rate limiting step is not known beforehand or it varies during the process, this approach is not viable as the overall model would become a vast combination conditional of expressions. Solving the equilibrium composition directly from an equilibrium constant based non-linear system of equations is also complicated, because the system is stiff and the convergence is difficult to obtain.
12)
To overcome the challenges in heavy computational CFD problems, Lu and Pope 27) and Ren and Goldin 28) developed the in situ adaptive tabulation (ISAT) method to speed up extremely time consuming computational calculations of reactive flows. As an example, they studied the possibility to speed up the solution of the chemical equilibrium in connection to the CFD simulation. They used a relaxation model wherein the rate is assumed to be proportional to the difference between the actual local and equilibrium concentrations, i.e. ′′ R i~( c i -c i,eq ). In general, it is necessary to solve the equilibrium composition using restricted equilibrium Gibbs free energy solvers, which is time consuming. However, the equilibrium composition at the surface is not the true equilibrium composition, but instead a restricted equilibrium for which, the traditional methods are not suitable. They were able to use the ISAT method successively and showed that the calculation time was reduced by a factor of hundreds.
A short review of other methods comparable to the LMA method is provided in the following.
Constrained Gibbs Free Energy Minimization
Koukkari et al. 29, 30) proposed a method for calculating the constrained chemical equilibrium by means of introducing rate constraints to traditional Gibbs energy minimization routine. One possibility is to use constraints for rate-controlled (slow) reactions, which then leads to an effective combined thermodynamic-kinetic algorithm for the calculation of the chemical state of the system. This method is useful in process simulations, where the input and the output flow rates can be described without diffusion or a more complex mass transfer effects. In the applications studied in this study, the starting point is the species conservation equations such as Eq. (37) Affinity based selectivity method Selectivity of oxygen corresponds to the oxygen affinity of species, additional constraints for mass transfer limitation.
17,43-47)
Parallel oxidation and reduction reactions in the AOD process.
Transparent, easy to implement, suitable for on-line applications.
Cannot be derived from physical principles.
Constrained solubility method
Dissolved oxygen content is determined based on its solubility limit. Thereafter, the remaining oxygen is distributed so that the reaction with the largest oxygen affinity consumes all gaseous oxygen during a sub-time step.
31)
Parallel oxidation and reduction reactions in the VOD process.
Cannot be derived from physical principles. Solution is sensitive to model parameters, such as volumetric flow rates into and from the reaction zones.
Coupled Gibbs free energy minimization and volume element method
Volume cells with multiple phases are set into equilibrium with traditional Gibbs free energy minimization routine.
39,40)
Parallel oxidation and reaction reactions in the AOD and BOF processes.
State of the art combination of CFD and equilibrium calculations, uses commercial software in CFD and equilibrium solution.
Treatment of the interface in unclear, grid size dependency of the solution, large computational expense prevents on-line applications.
Incremental step method
Time steps are divided into substeps, during which the reaction with the largest affinity consumes all available oxygen 41, 42) Parallel oxidation and reduction reactions in the BOF process.
Transparent, easy to implement, possibly suitable for online applications.
Solution is sensitive for model parameters and cannot be derived from physical principles. The implementation includes non-physical tuning parameters.
Law of Mass Action based method
Rate expressions are calculated from the law of mass action, predefined residual affinity or equilibrium number determines unknown forward rate coefficients in an iterative procedure.
19-24)
Parallel oxidation and reduction reactions in the AOD and CAS-OB processes.
Derived from physical principles, non-sensitive to model parameters, easy to implement, simultaneous solution of the mass transfer limited rate and equilibrium composition, suitable for online applications.
No experience on suitability for CFD applications. Generally, the term in the parenthesis is referred to as the reaction quotient, Q k . When the reaction reaches equilibrium, Q k = K k , and the affinity is equal to zero. 16) The drawback of this method is that it does not define the reaction rate directly. For this reason, it is not suitable to be used with the control volume method as such. The advantage of this approach is its simplicity and that it does not require a separate solver for the equilibrium composition. Unfortunately, no experimental validation was given for most of the components, and the detailed derivation of the model was not presented.
Constrained Solubility Method
Ding et al. 31) proposed a mathematical model for the vacuum oxygen decarburization (VOD) process. Reactions were assumed to take place in two reaction zones (metal-gas zone and metal-slag zone), while the volumetric flow rate of species from and to the reaction zones was estimated based on the plant data. Two different oxygen distribution models were investigated for the metal-gas zone. In both models, every time step Δt is divided into n smaller time steps Δt s and the calculation proceeds so that only the reaction with the largest affinity takes place and consumes all the oxygen available during the time step Δt s . The procedure is repeated in an iterative manner until the Gibbs free energy change of all reactions is zero or positive.
Effective Equilibrium Constant Method
The effective equilibrium constant method, also known as coupled reaction model, has been applied extensively for mathematical modelling of hot metal dephosphorization, [32] [33] [34] desiliconization 35) and decarburization. [36] [37] [38] In this approach, the equilibrium constants are modified to effective equilibrium constants, which in combination with electro-neutrality condition, are employed to solve a system of parallel mass transfer limited reactions.
3.3.5. Coupled Gibbs Free Energy Minimization and Control Volume Method Ersson et al. 39) and Andersson et al. 40) coupled CFD models of BOF and AOD converters, respectively, with computational thermodynamics. The local control volume equilibrium composition is achieved from the present chemical species after each time step. The obtained rate of phase mass change from this is then used as a constant rate for solving the rate at the new time step. Therefore, in addition to solution of the flow field, equilibrium calculations have to be carried at every time step. In order to save computational effort, equilibrium calculations were carried out only in the cells that have more than one phase present. One major advantage of this approach is that it does not require information on the interfacial surface area as the whole cell is set to equilibrium if an interphase exists. On the other hand, a drawback of the method is that the size of the computational cells at the reaction front should be infinitesimal to describe the mass transfer correctly.
Incremental
Step Method Jalkanen 41) and Virrankoski et al. 42) presented a mathematical model for the basic oxygen furnace (BOF) process. The principal approach in their model is that the supplied oxygen is used momentarily only by a single reaction that has the highest affinity, as defined by Eqs. (41)- (43) . Gaseous oxygen is supplied to the reaction surface by small step amounts and the composition of the reaction surface is constantly updated. When one species is rapidly depleted from the surface, its affinity decreases and in the new situation, another species that has then the highest affinity will continue to consume O 2 and so forth. The model has been reported to be very sensitive to the employed parameters, especially to the amount and size of the O 2 steps supplied to the system. 42) In general, a numerical model should always be well posed and should converge to same final result independently on the numerical model parameters. 25, 26) Table 2 summarizes the main features of all models.
Conclusions
The objective of this paper was to present a novel law of mass action law based rate method for modeling parallel reversible mass transfer limited reactions in metallurgical systems. At first, we discussed the available methods from open literature for comparison. Then, we re-derived the new method for n parallel reactions in general form and discuss its practical implementation.
As a numerical example, a simple reaction model was derived for the case of a liquid steel surface exposed to O 2 -CO gas mixture. The model was employed for studying the parallel oxidation of Si, Cr and C under conditions corresponding to those of the AOD process. To be transparent, the simple model developed here included only the conservation equations of all species wherein the rate expressions were based on a modified law of mass action. As an additional requirement, the affinities of the reactions at the reaction front were formulated such that they reach a pre-defined value, referred to as the residual affinity. This parameter assures that all the reactions are at the same distance from the constrained equilibrium. Our simulations showed that when the residual affinity is smaller than 10 J/mol, a sufficient degree of accuracy for the equilibrium is obtained. As a practical matter, a residual affinity of A = 0.001 J/mol was employed for all reactions in the final calculations.
Despite the relative simplicity of the employed model, the obtained results provide an in-depth analysis on the oxidation kinetics of molten stainless steel. In the case of the highest gas side mass transfer the value of residual affinity has virtually no effect of the reaction rates, within the range of 10 -5 …10 4 J/mol. This case is always limited by the liquid side mass transfer and there is plenty of residual O 2 available on the surface. The rate mechanism is not controlled by the equilibrium and the liquid side mass transfer defines the reaction mechanisms. The component having the highest mole fraction or the highest mass transfer rate consumes most of the oxygen.
When the gas side mass transfer begins to control the rates, partial pressure of O 2 at the reaction surface starts to decrease. Then, the role of the surface equilibrium becomes important and the species start to compete for the oxygen. Under such conditions the oxides of species with lower oxygen affinity will be reduced by species with higher oxygen affinity.
The results obtained in this work show that in order to have a proper solution for the case of parallel gas liquid oxidation reactions, it is an absolute requirement to consider both the mass transfer and the restricted chemical equilibrium. As the conditions vary during different process stages in steelmaking, it is preferable to employ a model that has all the relevant reaction steps included. The proposed new method is a transparent and direct solution of the reaction rates and therefore, it is in principle possible to couple the method with process simulators and CFD software.
